Abstract-This paper includes two contributions. First, it proves that the series and shunt radiation components, corresponding to longitudinal and transversal electric fields, respectively, are always in phase quadrature in axially asymmetric periodic leaky-wave antennas (LWAs), so that these antennas are inherently elliptically polarized. This fact is theoretically proven and experimentally illustrated by two case-study examples, a composite right/left-handed (CRLH) LWA and a series-fed patch (SFP) LWA. Second, it shows (for the case of the SFP LWA) that the axial ratio is controlled and minimized by the degree of axial asymmetry.
I. INTRODUCTION
T HE PAST decade has witnessed a regain of interest in periodic leaky-wave antennas (LWAs) [1] - [3] , due to the emergence of metamaterials and, in particular, composite right/left-handed (CRLH) transmission-line metamaterials [4] , [5] . The CRLH concept has led to many novel LWA structures and systems with unique properties and functionalities [5] - [17] . Moreover, it has stimulated LWA research beyond metamaterial structures, culminating with solutions to issues which had been plaguing conventional LWAs for several decades, in particular the broadside issue to be discussed later.
Periodic LWAs may be implemented in waveguide, dielectric image line or planar technologies [1] - [3] . In all cases, they commonly provide high gain without requiring a complex feeding network and can be linearly or circularly polarized. For achieving circular polarization in LWAs crossed slots with an axial offset or a zigzag slot arrangement in waveguide structures [18] , [19] and dielectric image lines [20] , [21] have been reported. So far, CRLH LWA realizations with circular polarization mainly rely on two separate and linearly polarized CRLH lines fed by a hybrid coupler to achieve phase quadrature [22] - [25] . These aforementioned LWAs have common characteristics. The main beam direction can be steered from backward to forward through the critical broadside direction by increasing the frequency. When designed for moderate directivity, the power remaining at their end can be re-injected into the input via a power recycling mechanism for maximum efficiency [26] , [27] .
Until recently, periodic LWAs have suffered from poor radiation performance at broadside. This issue has been fully resolved for symmetric (with respect to their transversal axis) LWAs only within the past few years. The solution consists in simultaneously satisfying two distinct conditions: the closure of the stop-band at broadside and the equalization of the radiation efficiency through broadside. The stop-band closure solution was first systematically resolved by balancing the series and shunt resonances, related to series and shunt radiation contributions, respectively, in CRLH LWAs [4] , [28] . The efficiency equalization was first demonstrated in CRLH LWAs, using empirical full-wave simulations, in [29] . A mathematical condition for the efficiency equalization was then provided in [30] for the specific case of a CRLH LWA. Our group has finally generalized the previous results to arbitrary periodic LWAs by introducing the concept of Q-balancing for achieving frequency-independent gain and efficiency when the beam is scanned through broadside [31] .
To date, the polarization of the aforementioned series radiation and shunt radiation contributions has not been thoroughly examined in periodic LWAs, although the possibility to control the degree of axial asymmetry via the shunt radiation contribution has been reported for a uniform hybrid waveguide printed-circuit LWA in [32] . It has been speculated in [29] that the shunt radiation was cross-polarized, whereas no consideration was given to polarization in [30] . This question was addressed in [33] , where it was demonstrated that shunt radiation contribution, whose amount can be controlled by the degree of axial asymmetry, is transversally polarized. At about the same time, a first simplified CRLH LWA design with circular polarization was presented in [34] , hence demonstrating an intrinsic quadrature phase relationship between series radiation and shunt radiation for this particular LWA implementation. Consequently, a single CRLH LWA transmission line configuration was sufficient for circular polarization without the need of 0018-926X © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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a hybrid coupler. Nevertheless, a theoretical treatment dealing with series and shunt radiation of arbitrary periodic LWAs has not been reported so far. Here, we rigorously prove that LWAs composed of unit cells, which are symmetric with respect to the transversal axis and asymmetric with respect to the longitudinal axis, exhibit an intrinsic quadrature phase relationship between their series and shunt radiation contributions. Two LWA examples are demonstrated experimentally to illustrate this principle. In addition, we show that the shunt radiation contribution is controlled by the degree of longitudinal asymmetry, which may be tuned to minimize the axial ratio. We demonstrate that these characteristics can be exploited to design circularly polarized LWAs, that are topologically simple, being based on a single LWA line and hence do not require a hybrid coupler for feeding. This paper is organized as follows. Section II defines the series and shunt radiation contributions and evaluates them for axially symmetric and asymmetric LWAs. Section III rigorously proves that the series and shunt radiation contributions are in quadrature phase. In Section IV, we present two case study examples, a CRLH LWA and a series fed patch (SFP) LWA, along with circuit analysis, electromagnetic simulation and measurement results to illustrate the quadrature phase relationship and the subsequent circular polarization feature. Section V next demonstrates for the SFP LWA case that the axial ratio may be controlled by the degree of asymmetry. Finally, conclusions are given in Section VI.
II. SERIES RADIATION AND SHUNT RADIATION
This section defines and systematically derives the series and shunt radiation contributions based on voltages sampled in the LWA unit cell. This is done in preparation for Section III, where the quadrature phase relationship between the two radiation contributions will be proven.
A. Edge Radiation from Equivalent Voltage Sources
Electromagnetic radiation follows from charge acceleration (or deceleration) [35] . In antennas, such acceleration is obtained by curving, bending, terminating, truncating or discontinuing the conductors supporting electric currents [36] . In periodic LWAs, discontinuities are the most common sources of radiation, and these discontinuities are most often provided by conductor edges or slots in conductors, which are generally modeled by magnetic current densities in antenna theory [36] . Since edge radiation and slot radiation represent similar mechanisms, by virtue of Babinet principle [35] , [36] , we shall focus here, without loss of generality, on edges. Radiating edges may be for instance sharp contours of metal strips in a microstrip structures [36] , [37] . Fig. 1 represents the unit cell of a periodic LWA with a generic shape including several radiating edges. The overall LWA is formed by repeating this unit cell along the -direction, and is assumed to be of infinite extent. 1 We furthermore assume throughout the paper that the unit cell is symmetric with respect to the transverse axis ( -axis) as indicated in Fig. 1 . The cell includes vertical edges, parallel to the transversal axis ( -axis) and supporting the magnetic currents represented in Fig. 1(a) , and horizontal edges, parallel to the longitudinal axis ( -axis) and supporting the magnetic currents represented in Fig. 1(b) .
We next apply the concept of the equivalent magnetic surface current density [36] , to quantify the amount of radiation from the two edge types (horizontal and vertical). This current reads here (1) where is the vectorial field between the conductor edge and the ground conductor, is the field component in the -direction, and is the vector normal to the surface between the conductor edge and the ground conductor. Assuming that the edge-ground conductor distance, , is much smaller than the wavelength, , is essentially constant, so that the voltage integral reduces to (2) where the negative sign defines the voltage from the edge conductor to the ground conductor, i.e., along the negative -direction. 1) Series Radiation: According to Fig. 1(a) , the series radiation magnetic surface current density reads (3) where the index refers to a sample representing any point of the vertical edges. 2 The quantity measures the series radiation toward broadside and may be interpreted as a magnetic dipole moment located at the center (coordinate origin) of the unit cell with the corresponding electric far-field being polarized in the -direction. If we evaluate the series radiation magnetic surface current density in (3) using (1) and (2) together with the proper orientation of the normal vector at the series edges, , we may write (4) where the final result of is projected onto the -direction. The last equality in (4) defines the series radiation equivalent voltage source, , which accounts for the series radiation contribution (amplitude and phase) as (5) revealing that the difference of the edge voltages in the -direction contributes to series radiation, which is -polarized.
2) Shunt Radiation: According to Fig. 1(b) , the shunt radiation magnetic surface current density reads (6) where the index refers to a sample representing any point of the horizontal edges. Similarly to the previous case, we use (1) and (2) together with the normal vector oriented in at the horizontal edges to find the shunt radiation magnetic surface current density projected on the -direction
The last equality in (7) defines the shunt radiation equivalent voltage source, , as (8) showing that the edge voltage difference in the -direction contributes to shunt radiation, which is -polarized.
B. Fully Symmetric Unit Cell
Consider a fully symmetric unit cell, i.e., a unit cell that is symmetric with respect to both, its longitudinal and transversal axes, as represented in Fig. 1 . Assuming that the LWA is excited by a TEM field, a quasi-TEM field or by any other field whose transverse distribution is fully symmetric with respect to the longitudinal axis, i.e., (9) Inserting (9) into (5) , is the difference of the voltages with index according to (13) . The shunt contribution, , is the sum of the voltages with index . The shunt radiation is not canceled and therefore contributes to the far-field in the broadside direction.
which is generally nonzero since the wave propagation in the -direction implies a phase difference between the two voltages and . Thus, the fully symmetric unit cell provides series radiation, and this radiation contribution is polarized in the longitudinal -direction. Inserting now (9) into (8), the equivalent shunt voltage is found to be (11) which reveals that no shunt radiation contribution exists, due to cancellation between the bottom edge and top edge transversally polarized fields. In conclusion, an LWA composed of fully symmetric unit cells radiates broadside only from its series contributions and is linearly polarized in its longitudinal direction.
C. Asymmetric Unit Cell with Respect to the Longitudinal Axis
Consider now the case of a unit cell that is asymmetric with respect to the longitudinal axis while being still symmetric with respect to the transversal axis, as shown in Fig. 2 . The asymmetry may be represented by complex asymmetry factors, and , for the series and shunt voltages, respectively. Substituting
into (5), the series radiation equivalent voltage source reads (13) where the last equality introduces the compact notation and , the superscripts referring to -positive/negative coordinates. The voltage difference of the symmetrically placed (with respect to the transversal axis) voltage samples contributes to series radiation.
Similarly, substituting (14a) (14b) into (8), the shunt radiation equivalent voltage source reads (15) where and . Here, the voltage sum contributes to shunt radiation due to asymmetry . Note the simplicity of the final results of this section: series radiation is represented by a simple voltage difference [last equality in (13)], while shunt radiation is represented by a simple voltage sum [last equality in (15) ]. These voltage difference and sum for the series and shunt radiation contributions may be interpreted as the odd and even components, respectively, with respect to the transversal axis of the voltages or electrical fields.
III. PROOF OF QUADRATURE PHASE RELATIONSHIP BETWEEN THE SERIES AND SHUNT FIELDS
Based on the simple odd/even difference/sum formalism established in Section II, this section proves that the series and shunt radiation contributions, and , are in quadrature phase for arbitrary and . Fig. 3 shows an LWA unit cell that is asymmetric with respect to the longitudinal axis with the index accounting for the vertical edges and the index accounting for the horizontal edges. For visualization simplicity, Fig. 3 represents the case and . 3 Setting a phase reference of 0 at the input of the unit cell (at ) and denoting the phase shift due to wave propagation across the unit cell , the phase at the output of the unit cell (at ) is , and the phase on the transversal axis, at the center of the unit cell (at ), is
The transversal axis is thus the phase-symmetry axis of the unit cell. Here, it is assumed that the unit cell is: 1) topologically 3 The quadrature phase relationship is independent of the and coefficients, whose importance is discussed later in this section.
symmetric with respect to the transverse axis; 2) lossless; 4 3) that the LWA operates in the passband. 5 The complex vertical (series) and horizontal (shunt) edge voltages at the points and , respectively, may be written as (17) By symmetry about the phase-symmetry axis, one may write is the phase difference between and . Inserting (18a) into (13) yields (20) for the series radiation equivalent voltage source, while inserting (19a) into (15) yields (21) for the shunt radiation equivalent voltage source.
We now recall that the structure is lossless, having neither radiation loss nor dissipation loss. 4 Although this assumption goes against the physical nature of an LWA, it serves as a reasonable approximation for the purpose of the forthcoming argument because the amount of leakage and dissipation across a periodic LWA unit cell is very small [1] - [3] . Under this assumption, we have, a fortiori for points within the unit cell (22) Under these conditions, (20) and (21) 4 Typically, , where is the leakage factor, is the free-space wavenumber and is the free-space wavelength, with , so that . Then the power lost across the unit cell due to leakage is , while the corresponding power due to dissipation is usually much smaller than this quantity at microwaves. 5 For operation in the passband the phase angle across the unit cell is a real quantity, as opposed to an operation in the stop-band of the LWA, where would be purely imaginary. (20) and (21), respectively, and fulfilling the condition (22) , are perpendicular to each other, and thus in phase quadrature. (a) .
(b) .
proves the quadrature phase relationship between the series and shunt radiation contributions. This holds for unit cells that are symmetric with respect to their transverse axis and asymmetric with respect to their longitudinal axis. and are generally non-zero. In the particular case of a CRLH LWA, it might a priori seem that in (20) vanishes because at broadside the input/output phase shift is zero, , so that according to (16) . On the other hand and are non-zero due to the voltage variations occurring within the unit cell [38] . So, (25) is clearly determined and provides the axial ratio of the polarization. (21) with (18) . In both of these graphs, the symmetries about the phase-symmetry axis between the input and output voltages and between the negative and positive point voltages is clearly apparent, and the proof follows from the perpendicularity between the complex numbers and
which provides the same quadrature phase relationship as (25) , with the real proportionality factor (27) Since it has been demonstrated for arbitrary voltage sample points ( and ), phase quadrature naturally extends to the integral sum of all the edge voltages associated with radiation. Therefore, the phase quadrature proof provided above applies to the entire LWA structure, and reveals that an LWA whose unit cell is asymmetric with respect to its longitudinal axis necessarily exhibits elliptical polarization radiation, or circular polarization radiation with broadside axial ratio obtained from (27) along with (13) and (15) as (28) It is therefore expected that the axial ratio of the LWA can be controlled by tuning the amount of asymmetry with respect to the longitudinal axis, as done in [32] for the case of an uniform LWA. This will be demonstrated in Section V.
Note that only the broadside case has been considered in the analyses of this section and the previous one. However, as will be shown in Section IV, the conclusions of these analyses also essentially apply to off-broadside radiation directions within a scanning range in the order of around broadside. Let us investigate why this is the case by inspecting the fundamental relation (25) . In terms of phase, (25) is inherently broadband, since the phase is always irrespectively to frequency. So, the conclusions for broadside are valid also at off-broadside angle as far as quadrature phase is concerned. In contrast, in terms of amplitude, (25) clearly depends on frequency via . However, when the radiating array structure is electrically relatively large, as is the case in LWAs, the radiation characteristics are essentially determined by the array factor while the element factor plays a minor role [39] . So, since the frequency sensitivity of the unit cell magnitude in (25) is an element factor quantity, it can only have a minor effect on the radiation property of the LWA. Hence, despite its frequency dependence, (25) is a broadband relationship and can thus extend to off-broadside radiation angles.
IV. EXAMPLES: CRLH LWA AND SFP LWA
This section provides two examples of longitudinally-asymmetric LWAs to illustrate the quadrature phase relationship derived in the previous section, a CRLH LWA and an SFP LWA. First, the quadrature phase relationship is illustrated by comparing voltage samples of an ideal circuit models with corresponding samples obtained from full-wave simulation. Then, simulated and measured far-field pattern and axial ratio results are presented. Fig. 5(a) and (b) show the unit cell geometries and layer stack-up for the CRLH and SFP LWAs, respectively. The corresponding geometry data is provided in Table I .
A. CRLH and SFP LWA Structures
Both LWAs are optimized to exhibit their transition frequency (frequency where they radiate broadside) at 24 GHz. Around this broadside frequency, they can be modeled by means of equivalent series and shunt resonators of resonance frequency , [31] , [33] . In the CRLH LWA, is used to tune and is used to tune . In the SFP, we have to tune both and simultaneously, since each of them affects and , [31] . Whereas the resonators are formed by quasi-lumped elements in the CRLH LWA, in the SFP LWA the resonators are formed by distributed (transmission-line) resonators with an overall length of across the unit cell. Hence, the CRLH LWA is operating in its fundamental space harmonic , while the SFP is using its first space harmonic [31] . The CRLH LWA circuit model comprises the following circuit elements: the series inductance of the small transmissionline section , the gap capacitance , the capacitance to the middle metalization layer , the ground capacitance , and the transmission line of impedance
B. Circuit Modeling
and length for the open ended stub line. For completeness, we also show the se- ries and shunt radiation conductances in the gap and at the end of the stub line, respectively. The SFP LWA is modeled by three transmission-line sections, with different impedance, of: 1) quarter wavelength; 2) half wavelength; and 3) quarter wavelength at the broadside frequency. The quarter-wavelength lines have the impedance and the half-wavelength patch has the impedance . Series radiation is modeled by the conductance located at the vertical patch edge and the shunt conductance located at the center of the horizontal patch edge. Table II provides the extracted circuit parameters, obtained through a curve fitting procedure from full-wave simulated scattering parameters using the circuit simulator of ADS. The conductances modeling radiation have been set to infinity to represent a lossless circuit model under the same conditions as the theoretical proof in Section III.
C. Quadrature Phase Relationship
We now provide numerical results from circuit and full-wave simulations to illustrate the established quadrature phase relationship proven in Section III. Fig. 7(a) and (b) show the full-wave models in EMPIRE XCcel, a commercial FDTD-based simulation tool, with the voltage probing positions. The voltages are obtained from , coinciding with the input impedance for an infinite structure. This has been done through a two-step procedure: first, the Bloch impedance was calculated as ( is the transfer matrix with due to sym. with respect to the transversal axis); next, a second simulation was launched, sampling the voltages, with the unit cell driven by a voltage source and terminated with . The circuit modeling is essentially lossless and therefore does not account for radiation. This is in order to follow the assumption used in the proof of Section III.
The voltage ratio, , as given by (25) , is plotted in Fig. 8 , which compare circuit and full-wave simulation results. Fig. 8(a) plots the voltage ratio amplitude and phase for the CRLH LWA. A perfect broadband phase quadrature is clearly confirmed by the circuit simulation result. The CRLH structure, whose transition frequency is at 24 GHz, has its LH low-pass stop-band [4] at around 22 GHz. Below this frequency, the amplitude and phase evaluation is naturally meaningless. The fullwave results are consistent with the circuit ones, and support the phase quadrature within a 10% variation. The ratio of the amplitude varies from 0 at the lower stop band to about 3 at 30 GHz, which will affect the axial ratio over frequency. Fig. 8(b) plots the voltage ratio amplitude and phase for the SFP LWA. The circuit simulation reveals an ideal quadrature phase relationship from 16 GHz to 30 GHz, covering a huge bandwidth of 14 GHz. Across this bandwidth, the phase variation is only 20% in the full-wave model, which will correspond to an axial ratio limit for circular polarization. The amplitude, which is the second quantity of interest for obtaining a small axial ratio, is almost constant in the range between 18 and 28 GHz, hence promising a rather frequency-independent axial ratio.
The phase deviation of the electromagnetic simulation results from the theoretical results in Fig. 8 is due to radiation loss, air coupling between unit cells and to the existence of a small band gap in the SFP case in Fig. 8(b) , effects which are not taken into account in theory (lossless circuit simulation). Reflections from the end of the finite LWA were minimized by using a large number of cascaded cells, so one can be sure that this phase deviation is not attributed to reflections from the LWA end. In summary, Fig. 8 verify the broadband nature of the quadrature phase relationship required as a first condition for circular polarization. The second condition-equal field amplitudes-is not exactly represented by sampled voltages, since accurate determination of the radiated far-field requires integration over all radiating edges. Therefore, the amplitudes in Fig. 8 are relative quantities in terms of the radiated fields, which only indicate the expected frequency variation of the axial ratio. Fig. 9(a) and (b) show the fabricated prototypes for the CRLH and SFP LWAs, respectively. The CRLH LWA is composed of 15 unit cells and is electrically relatively small, featuring a length of without the feeding-line sections. The SFP LWA is electrically much larger, with compared to the CRLH LWA. The reason for the different electrical lengths is simply that these antennas were fabricated in different contexts. They are naturally not comparable in size, but the size difference does not represent any limitation to the illustration to be presented next, since the polarization does not depend on the length of the LWA.
D. Experimental Validation
Whereas the CRLH Bloch impedance is in the order of , hence requiring no additional matching, the SFP requires a quarter-wavelength transformer at its input to match the Bloch impedance of to the external ports. The LWAs are excited from one side while the other side is terminated with a matched load.
An enlarged view of the prototypes is provided in Fig. 10 . The dashed lines in Fig. 10(a) indicate the middle metalization layer beneath the top metalization.
The LWAs have been characterized by a cylindrical near-field measurement in the anechoic chamber of the company IMST GmbH, shown in Fig. 11 . The electric field is sampled on a cylindrical surface (excluding the circular top and bottom faces, where radiation is negligible) using an open-ended wave guide probe. The vertical and horizontal fields are measured, so as to fully characterize the LWA in their near-field zone. Finally, the near-field data are transformed to the far-field using the commercial antenna measurement software package MiDAS (from ORBIT/FR, Inc) in order to provide the antenna gain and polarization. Fig. 12 show the simulated and measured co-and cross-polarization gains at the frequencies 23, 24, and 25 GHz. Both LWAs are right-hand circular polarized (RHCP) with the left-hand circular polarization (LHCP) being the cross polarization. In general we have an excellent agreement between the simulated and measured co-polarization, where as the agreement of the cross polarization is still acceptable. 6 Fig . 12(a) shows that the CRLH LWA exhibits a relatively large half-power beamwidth, as an expected consequence of its small electrical length. On the other hand the LWA scanning sensitivity with frequency is relatively high, due to the small period of the unit cell [31] . This LWA has a moderate circular polarization response, with a cross polarization rejection varying from about 23 dB at 23 GHz up to 10 dB at 25 GHz, as shown in Fig. 13(a) . The agreement between simulation and measurement is reasonably good in the main beam direction. Comparison of the axial ratio in Fig. 13(a) with the voltage-based amplitudes in Fig. 8(a) shows the same trend of increase with frequency for the CRLH case.
Unfortunately, only the backward radiation region, at 23 GHz, exhibits a good axial ratio, of less than 3 dB. However, no optimization has been carried out, and this result experimentally demonstrates the circular (or elliptical) polarization response of the longitudinally-asymmetric CRLH LWA. Fig. 12(b) shows that the SFP LWA exhibits a smaller halfpower beamwidth, as a result of its electrically much larger size. The scanning sensitivity with frequency of this LWA is much smaller than that of the SFP, due to its larger period . This LWA has an excellent circular polarization response at broadside, with a cross polarization rejection of more than 20 dB. For the backward and forward radiation zones, the cross polarization rejection is less, ranging from 18 to 13 dB. The corresponding axial ratio is plotted in Fig. 13(b) , consistently with the cross polarization rejection in Fig. 12(b) . Comparison of the axial ratio in Fig. 13(b) with the voltage based amplitudes in Fig. 8(b) shows the same frequency insensitivity for the SFP case. So, again without any optimization, the circular polarization characteristics of the SFP LWA have been experimentally demonstrated.
V. AXIAL RATIO OPTIMIZATION
This section presents a parametric study showing that, as predicted by Section III, the axial ratio of longitudinally-asymmetric LWAs can be minimized by adjusting the degree of asymmetry of the structure, as done in [32] . This study is presented only for the case of the SFP LWA, whose asymmetry does not affect the resonance frequencies. In the CRLH LWA, the stub length controls the shunt resonance frequency and can therefore not be exploited as an independent asymmetry parameter.
The degree of asymmetry is proportional to the parameter , shown in Fig. 5(b) , which represents an offset between the longitudinal axis of the feeding line and the center of the patch. For each value, the line length and the patch length are optimized to achieve broadside radiation at 24 GHz from equalized series and shunt resonances. Fig. 14(a) plots the SFP LWA axial ratio in the scanning plane for different values of versus the elevation angle for three frequencies, 23, 24, and 25 GHz, corresponding to the beam pointing angles , 0 , and , respectively. The elevation angular range was divided in three sectors: to for backward radiation (23 GHz) , to for broadside radiation (24 GHz) and to for forward radiation (25 GHz) to evaluate the axial ratios of the main beams. The half-power beamwidth in each sector is indicated by the shaded rectangular zones. It clearly appears that the axial ratio decreases with increasing up to m. Fig. 14(b) provides the axial ratio over a smaller scale for better visualization of the results around m. The best tradeoff, with an axial ratio of less than 0.8 dB in the backward, broadside and forward regions, is found at m. If is further increased as done in Fig. 14(c) , we observe in the backward and forward regimes that the trend is reversed, the axial ratio is increasing with further increasing asymmetry. Fig. 14(b) and (c) show, for asymmetries providing near optimum axial ratios, that the axial ratio at broadside is: 1) relatively low and close to 0 dB and 2) relatively insensitive to asymmetry variation, whereas in the backward and forward regimes it strongly depends on asymmetry variation. The low axial ratio at broadside and the sensitivity difference of the axial ratio between the broadside and off-broadside regimes will next be explained by investigating the series and shunt powers, and , in the two regimes [31] . In the forthcoming developments, we neglect dissipation loss, which is a reasonable assumption in typical cases where radiation leakage is significantly larger than dissipation. This is equivalent to assuming that the total series and shunt powers are equal to the radiated series and shunt powers. In addition, we now restrict to axial asymmetries which provide near optimum axial ratios. Radiation at broadside results from the sum of two equivalent and orthogonal magnetic dipoles representing respectively the series and shunt radiation contributions, as indicated in Fig. 2 . Although rotationally offset by 90 in their common plane ( -plane), these dipoles, given their identical toroidal patterns, exhibit relatively similar radiation patterns around broadside. Assuming that these patterns are identical, which is a reasonable approximation in a small solid angle around broadside, including small backward and forward angles, the axial ratio can be simply expressed in terms of the series and shunt powers. 7 Under these three conditions (no dissipation, near-broadside radiation and near-optimum axial ratios), the axial ratio is simply (29) 1) Broadside: According to [31] , exactly at broadside and under the frequency-balanced condition , the LWA structure is modeled by purely resistive circuit elements and therefore, the total series and shunt powers (radiation + dissipation) are always equal, 8 i.e., (30) where again dissipation is assumed to be zero. Inserting (30) into (29) leads to (31) This result shows that, under the aforementioned conditions, the axial ratio exactly at broadside is always equal to one (0 dB), corresponding to perfect circular polarization. Second, being a constant (equal to one), the axial ratio is obviously invariant under asymmetry variation for near-optimum values.
2) Off-Broadside: The quality factor of an antenna is generally defined as [40] , [41] , [42] (32) where is the maximum stored energy, with the electric energy, , and the magnetic energy, , being equal at the resonance frequency, , and is the radiated power. In the off-broadside regime and under the frequency-balanced condition, the series and shunt powers are then related to their respective quality factors by and
where , and , are the series and shunt energies and quality factors, respectively. Note that the energies model the series and shunt reactive near-fields of the LWA and are not related to radiation.
According to [31] , off-broadside the LWA structure is modeled by purely reactive circuit elements and therefore, the series and shunt energies are always equal, i.e., (34) Substituting (34) into (33) , and inserting the result into (29) leads to (35) This result shows that the axial ratio is generally not equal to one and that it varies according to the ratio of the series and shunt quality factors for near-optimum values. Moreover, (35) reveals that, although the off-broadside axial ratio is generally different from one, it is exactly one in the particular case of -balancing [31] , which is thus also the condition for minimum axial ratio off-broadside. From a practical viewpoint, this last point is very convenient, since it indicates that optimum circular polarization is inherently associated with optimum broadside radiation.
Since the axial ratio in (35) depends on the two quality factors, we need to investigate the dependence of the quality factors on asymmetry to better understand the corresponding axial ratio behavior. The series and shunt quality factors of the SFP LWA are plotted in Fig. 15 versus the asymmetry parameter as defined in Fig. 5(b) . These quality factors were obtained using the driven-mode extraction technique (from full-wave simulation) described in [31] . Fig. 15 shows that strongly depends on asymmetry, whereas is essentially insensitive to asymmetry. is maximum for the fully symmetric configuration , where shunt radiation is canceled at broadside, and strongly decreases when asymmetry is introduced and increased, according to (33) , due to the progressive reduction of radiation cancellation associated with increased shunt radiation power. The asymmetry invariant behavior of is due to the absence of structural variation along the longitudinal axis. 9 The -balancing condition is approximately met at m. The axial ratio behavior in Fig. 14 may now be understood by evaluating (31) at broadside, and (35) together with the -factors in Fig. 15 off-broadside.
In Fig. 14(a) the axial ratio at broadside does not behave according to (31) , where a constant and low axial ratio, independent of asymmetry, is expected. The reason is that the shunt radiation pattern is strongly affected by the asymmetry in near-symmetric structures. Indeed, the shunt radiation pattern has a null at broadside for the fully symmetric configuration and its pattern is thus totally different from the series radiation pattern, which exhibits a maximum at broadside. Here, the aforementioned assumption of identical patterns is thus violated, and hence the behavior of the axial ratio is not captured by (31) . On the other hand, the axial ratio in the off-broadside regime qualitatively behaves according to (35) , i.e., it decreases as decreases. Fig. 14(b) and (c) show the axial ratio in the near-optimum asymmetry range. Here, the radiation characteristics of the series and shunt contributions are not strongly affected by the asymmetry variation, due to the similarity of the corresponding radiation pattern. At broadside, the axial ratio is relatively low and insensitive to asymmetry variations, in agreement with (31) . Off-broadside, the exact behavior predicted by (35) is observed, with being constant and decreasing with increasing . First, the axial ratio is decreased to its minimum Fig. 14(b) and next it increases with further increasing asymmetry Fig. 14(c) . While the optimum axial ratio was observed in Fig. 14(b) at around m, -balancing was found in Fig. 15 at around m. Given the approximations in (35) (no dissipation loss and identical series and shunt patterns), this may be considered an excellent agreement. If the asymmetry is further increased, beyond the -balancing condition m , the shunt radiation power starts to dominate the series radiation power, following (29) , which increases the off-broadside axial ratio.
VI. CONCLUSION
Series and shunt radiation contributions in periodic LWAs have been defined in terms of equivalent voltages and shown to correspond to longitudinal and transverse polarization contributions, respectively. The respective contributions to polarization of the series and shunt radiation components have been investigated for axially symmetric and asymmetric periodic LWA structures. An intrinsic quadrature phase relationship between series and shunt radiation in transversally symmetric and longitudinally (axially) asymmetric periodic LWAs has been identified and theoretically proven, based on a pure symmetry argument. Furthermore, the case-study examples of a CRLH LWA and an SFP LWA have been presented to illustrate the quadrature phase relationship, corresponding to the first condition for circular polarization, has been established using circuit and fullwave simulation. The amplitude equality in the radiated fields, which represents the second condition, has been shown to be obtainable by controlling the degree of axial asymmetry.
The axial ratio of an SFP LWA has been minimized via a parametric study. Moreover, it has been empirically demonstrated that an optimum axial ratio corresponds to -balancing, so that an optimally circularly polarized LWA also features optimum radiation through broadside.
Little attention had been paid to the polarization characteristics and controllability in the literature. This work contributes to mend this deficiency and may stimulate the design of various types of LWAs with efficient circular polarization. The conclusions of the paper are not necessarily restricted to planar LWA configurations; they may also extend to waveguide and non-planar transmission-line LWAs.
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